a negative and a positive factor. A blocking factor mechanism has gained considerable † Department of Genetics Harvard Medical School support (Lyon, 1996; Brockdorff, 1998) . In this class of models, a diploid cell produces a blocking factor that Boston, Massachusetts 02114 marks the future active X by "blocking" its inactivation control center (Xic). The remaining X(s) is unprotected and undergoes inactivation by default. These models Summary are consistent with a large body of genetic evidence and explain why diploid cells follow the "n Ϫ Xist is upregulated and the RNA accumulates along the
Transgenic studies have provided clues to minimal entiated ES cells are naive with respect to X inactivation but undergo counting, choosing, and silencing when sequence requirements for Xist regulation. Aspects of this regulation have been recapitulated on autosomes placed under differentiation conditions. Since the Xic may be genetically complex, we minimized disturbance carrying Xist and various flanking sequences (Lee et al., 1996 (Lee et al., , 1999b Herzing et al., 1997) . In an 80 kb Xic to the region by deleting only 3.7 kb of Tsix ( Figure  1A ). This deletion (Tsix ⌬CpG ) encompassed the Tsix CpG transgene, deleting a 30 kb sequence upstream of Xist abolished Xist upregulation, suggesting the presence of island, transcriptional start sites, and 1.4 kb of upstream sequence containing the putative promoter. We introa positive Xist regulator (Lee et al., 1999b) . A repressive element downstream of Xist is implicated by constitutive duced the mutation into the male ES cell line, J1 (Li et al., 1992) , and analyzed two independent clones, CG7 Xist expression and primary nonrandom X inactivation in a 65 kb knockout (Clerc and Avner, 1998) . Finally, a and CH6 ( Figure 1B ). We also targeted one X chromosome in the female ES cell line, 16.7, and analyzed two positive regulator for X chromosome choice has been suggested by an internal Xist deletion that leads to priindependent clones, 3F1 and 2A5 ( Figure 1B ). 16.7 carried two stable X chromosomes, one each of 129 and mary nonrandom X inactivation (Marahrens et al., 1998). Thus, the control of X inactivation may depend on a Mus castaneus origins. As judged by fluorescence in situ hybridization (FISH) with X-linked probes, 3F1 and series of molecular switches involving both positive and negative factors.
2A5 were karyotypically stable (Ͼ90% 40XX). The 129 allele was targeted in both ( Figure 1C ). The antisense gene, Tsix, was recently discovered downstream of Xist as a candidate Xist regulator (Lee To exclude potential artifacts due to insertion of a neo cassette at the site of ⌬CpG, we generated subclones et al., 1999a). Like Xist RNA, Tsix RNA is exclusively nuclear and is dynamically regulated during X inactivaof CG7 and 3F1 in which neo was removed by Cremediated recombination at flanking loxP sites. In the tion. Before X inactivation, Tsix is biallelically expressed but becomes monoallelically expressed at the onset of following experiments, neo ϩ and neo Ϫ clones were studied in parallel and, because they manifested no differ-X inactivation, marking only the future active X and therefore raising the possibility that Tsix blocks Xist acences, only neo ϩ clones are further described below. cumulation. To test this hypothesis, we carried out targeted mutagenesis of murine Tsix in XX female and Effects of ⌬CpG on Tsix and Xist Expression XY male cells. Below, we describe their effects on X in Undifferentiated Cells chromosome counting, choice, and silencing and deTo determine whether the ⌬CpG mutation abolished Tsix duce a model incorporating a role for Tsix in the epigeexpression, we examined antisense transcription in unnetic regulation of X chromosome choice. differentiated ES cells at five positions across the 40 kb Tsix region (Figure 2A visible on the normal X in the same nucleus by RNA 5-10 additional cycles were included (data not shown). It is unclear whether this represented low-level residual FISH ( Figure 2C ). The targeted and normal Xs were distinguished by hybridization to Xic-specific DNA setranscription due to minor and/or cryptic promoters or were instead artifacts of overcycling PCR conditions, quences (e.g., ⌬CpG deletion probe; see below). The size, intensity, and quality of antisense signals on the especially because antisense signals were not detected by RNA FISH on ⌬CpG chromosomes. normal chromosome were similar to those seen in normal female cells. 3F1 and 2A5 showed identical results.
In undifferentiated cells, Xist RNA did not accumulate on the mutant X in male (CG7, CH6) and female (3F1, Thus, ⌬CpG affected Tsix expression only in cis. ⌬CpG's effect was similar at all positions tested, supporting the 2A5) mutants. Five positions were examined by sensespecific RNA FISH ( Figure 2C Here, we used quantitative strand-and allele-specific RT-PCR to examine Xist upregulation during differentiation ( Figure 4A ). The steady-state levels of Xist RNA at day 11 and the magnitude of Xist upregulation from day 0 to day 11 (Ͼ15-fold) were similar in normal and mutant female cells. However, mutant cells showed complete skewing of Xist expression toward the 129 species (100% of total RNA). The results of RNA-DNA FISH confirmed these findings ( Figures 4B and 4C ). In this assay, targeted and normal chromosomes were distinguished by hybridization to the ⌬CpG sequence that specifically detected the wild-type X. In female mutants, Xist was almost exclusively upregulated from the targeted chromosome (Ͼ97.5%). In rare nuclei (Ͻ2.5%), the ⌬CpG DNA probe was coincident with high-level Xist RNA. Because the DNA signal was often at the periphery of the Xist RNA domain, these rare cells could represent cM centromeric to the Xic), two X-linked genes that are normally subject to X inactivation. ⌬CpG did not affect the ability of Xist RNA to spread along the entire mutant Figure 5A ). Pgk1 nascent RNA was visualized in 40%-were evident between days 11-21), mutant female EBs (3F1, 2A5) grown in G418-containing media underwent 60% of normal and mutant nuclei from days 2 to 6 (n ϭ 100 each). Mecp2 nascent RNA was seen in Ͼ85% of massive cell death from days 8 to 15 and did not form recognizable structures. At 21 days, the difference in normal and mutant nuclei (n ϭ 100 each). To determine the allele of transcription, RNA FISH for Xist and Pgk1 cell mass between ϩG418 and ϪG418 mutant female cultures was ‫01ف‬ 2 live cells (ϩG418) versus Ͼ10 7 live or Mecp2 was performed simultaneously ( Figure 5B ). As the Xist-coated domain marks the mutant X (Figure 4) , cells (ϪG418), as assessed by Trypan blue staining. Rare live cells were expected in ϩG418 cultures, since some the origin of Pgk1 or Mecp2 RNA was deduced from its localization relative to the large Xist domain. In virtually cells might have remained undifferentiated. Normal male and female controls underwent massive cell death beall cells with visible Pgk1 and Mecp2 nascent RNA, the transcript was located outside the Xist RNA territory tween days 6 and 10. A slight delay in mutant cell death was not unexpected, as the neo product expressed by ( Figures 5B and 5C ). Thus, high Xist expression on the mutant X correlated with repression of two X-linked undifferentiated cells likely persisted for some time during differentiation due to a lag in protein turnover. These genes in cis, indicating that ⌬CpG did not affect silencing. ⌬CpG's effect was instead manifested as highly results further demonstrated an extreme bias toward inactivating the mutant chromosome. In contrast to feskewed inactivation of the mutant X chromosome.
X (
Because the mutant X was distinguishable from the male mutants, male mutants (CG7, CH6) survived G418 selection to 21 days. Mutant male cultures differentiated normal X by a Pgk1 promoter-driven neo-resistance marker, we reasoned that nonrandom inactivation of normally and showed no anomalous cell death, with ϩG418 and ϪG418 cultures supporting Ͼ10 7 live cells the mutant X would be reflected in progressive G418 sensitivity of differentiating EB cultures as X inactivaeach. This female-specific lethality indicated that neo repression was not due to its location in the Xic or to tion proceeded to completion. Indeed, while all male and female cultures grown without G418 were equally differentiation per se. Instead, it implicated nonrandom X inactivation as the cause. healthy (beating heart structures, vessels, and neurons In principle, nonrandom X inactivation could be due highly skewed pattern of X inactivation ( Figures 7A and  7B ). RNA-DNA FISH showed that the mutant X was inacto primary or secondary causes. Primary nonrandom X inactivation would result if ⌬CpG destroyed the choostivated in over 96% of primary fibroblast cells isolated from two independent mice. Rare cells (Ͻ4%) showed ing mechanism-either Tsix RNA or a binding site for the putative blocking factor-so that only the wild-type apparent colocalization of ⌬CpG DNA and Xist RNA signals. Because the DNA signal was often located at the X could be selected as the active X. Primary nonrandom X inactivation would also result if ⌬CpG did not directly periphery of the RNA domain, colocalization may represent chance juxtaposition of two Xs rather than true destroy the blocking factor site but affected the ability to bind the site irreversibly. The blocking factor could upregulation from the wild-type X.
(N.B., Primary cultures contained mixtures of host [normal female] and be in equilibrium between the two Xs and commit to one X only after Tsix expression is engaged in cis (via ES-derived mutant female cells, but host and ES-derived fibroblasts were distinguished by the number of ⌬CpG positive feedback regulation).
Secondary nonrandom X inactivation would arise if hybridization signals, which reflects the number of normal X chromosomes. Host cells in both chimeras were Tsix were required to block Xist upregulation but were not part of the choosing mechanism per se. Cells would female.) Skewed X inactivation in vivo was further confirmed still be able to choose between the wild-type and mutant Xs. However, choosing the mutant as the active X (and by testing somatic cells for inactivation of the neo-resistance marker. Primary mutant female fibroblasts demtherefore the wild type as the inactive X) would be lethal due to a cis deficiency of Tsix, a state that would lead onstrated striking sensitivity to G418 ( Figure 7C ). Like their EB counterparts in vitro, mutant female fibroblasts to double Xist upregulation and X inactivation. Thus, in this case, the observed nonrandom pattern of inactivafailed to grow in the presence of G418. Massive cell death was evident after 4 days in both mutant female tion would be a secondary consequence of selective cell loss. The data did not support a secondary mechanism, and normal female cultures. Inviability was specifically related to repression of neo on the mutant X, because since biallelic high-level Xist expression was not seen during EB differentiation and no excess cell death was introduction of an exogenous neo gene by retroviral transfection completely restored G418 resistance (data observed (Figures 3, 4, and 6) . Our results argued instead that a deficiency of Tsix led to primary nonrandom not shown). Additionally, mutant male primary fibroblasts derived from CG7 and CH6 chimeras were fully X inactivation due to loss of X chromosome choice.
neo resistant (Figure 7C ), arguing against a position effect on the neo cassette. These data demonstrated that Nonrandom X Inactivation In Vivo the ⌬CpG phenotype observed in vitro was recapitulated We generated chimeric mice from mutant ES cells to during embryogenesis in vivo. confirm above findings in an organismic context. Mutant male cells gave rise to healthy chimeras (Ͼ90% chimerism), consistent with appropriate blocking of X inactivaDiscussion tion despite a Tsix deficiency. Mutant female cells gave rise to healthy chimeras (60%-90% chimerism), underWe have carried out targeted deletion of the 5Ј CpG-rich domain of Tsix. ⌬CpG resulted in deficient expression of went X inactivation appropriately, but demonstrated a The concept of a competence factor is supported by overlaps with Tsix, loss of choice in this mutation may the key observation that X inactivation does not initiate reflect compromised Tsix rather than Xist. It is also posin undifferentiated mutant female cells and in differentisible that two elements-one at the 5Ј end of Tsix and ating mutant male cells. They point to the existence of the other within Xist-are both necessary for choosing. a second pathway of Xist regulation that is independent Furthermore, in humans, a mutation in the Xist promoter of Tsix or the ⌬CpG sequence. To unify available genetic has been associated with nonrandom X inactivation data, we propose that Xist is regulated in parallel path- (Plenge et al., 1997) . Therefore, multiple factors may act ways by positive and negative factors (Figure 8 ). Our in epistatic and/or parallel pathways to control choice. model postulates that cells can produce two factors, a One aspect of the ⌬CpG phenotype is strikingly differ-"blocking factor" (negative) and a "competence factor" ent from that of the 65 kb knockout which truncates (positive). The blocking factor marks the future active X Tsix (Clerc and Avner, 1998). Both knockouts resulted in by blocking the Xic. The blocking factor is a complex primary nonrandom X inactivation in XX cells. However, of X-linked and autosomal factors present in a stoichiowhile ⌬CpG had no effect in XY cells, the 65 kb deletion metric ratio of one X to one diploid set of autosomes. resulted in constitutive X inactivation even in mutant Because the blocking factor is limiting, only one X recells with only one intact X chromosome (interpreted as mains active per diploid genome. The effects of ⌬CpG argue that the blocking factor acts through Tsix. "X0"). Several differences may explain our contrasting (Li et al., 1992) . ES cells were maintained sized from 1 g of total RNA using primer 3as at 52ЊC for 1 hr and amplified by 32 P end-labeled primer 3s and cold primer 3as. To in 500 U/ml LIF, DME, and 15% FCS. EB were differentiated by suspension culture for 4 days without LIF and maintained thereafter enable quantitation, standard curves were generated for allele-specific RT-PCR, indicating exponential amplification between 15-28 under adherent conditions (Martin and Evans, 1975). Chimeric mice were generated from knockout ES cells by standard injection into cycles; 24 cycles was selected and Rrm2 (Rrm2AϩRrm2C yields a 360 bp fragment) served as internal standard in each reaction. PCR C57BL/6 blastocysts (Papaioannou and Johnson, 1993). Primary fibroblasts were obtained from day 13.5 embryos or adult ear by products were purified through Qiagen QIAquick columns and digested with NcoI. NcoI cuts once in the 3s-3as PCR product, revealculture in DME ϩ 10% FCS. In tests of G418 resistance, 500 g/ml of drug (active fraction) was added to test plates on the day indiing a labeled fragment of 224 bases from M. castaneus and 227 bases from 129 (Hendrich et al., 1993; Carrel et al., 1996). Products cated, and drug-free cultures were grown in parallel.
were resolved on a 6% polyacrylamide/7.5 M urea gel and quantitated by phosphorimaging (Molecular Dynamics). Targeted Deletion of Tsix To create the targeting vector, a 2 kb BamHI-MluI fragment (ϩ10.7 to ϩ12.7 kb downstream of Xist exon 6) was inserted into the SalI Acknowledgments cloning site of pLNTK (Gorman et al., 1996) 
